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Nonmonotonous atomic motions in metallic glasses
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Peculiar temporal intermittent microscopic dynamics has been recently reported during structural relaxation in
metallic glasses, though its origin is poorly understood. By using x-ray photon correlation spectroscopy, we have
investigated the atomic motions in a model system of metallic glass with distinct stability and in situ stress states.
We find that the microscopic dynamics can be tuned from dramatically nonmonotonous to monotonous. The
intermittent dynamics is always accompanied by the activation of a secondary relaxation process, as indicated
by the drop of the initial nonergodic plateau of the intensity-intensity correlation function. Both phenomena
depend on the material state and can be suppressed by simultaneously lowering the fictive temperature and
external loading, leading the glass in a stationary metastable state which appears independent on the thermal
history of the system.
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I. INTRODUCTION

Glasses are usually formed by rapid cooling high-
temperature liquids. This process brings the materials in a
nonequilibrium state, from where they spontaneously relax
toward the corresponding equilibrium liquid. Knowledge of
the relaxation dynamics in glasses and its evolution due to
physical aging is crucial for understanding their mechanical
response and controlling the long-time evolution of their
properties during applications [1–3]. Two main microscopic
relaxation processes have been identified in glasses: the lo-
cally initiated β relaxation and the large-scale α process [4–7].
The first process can be associated with microscopic islands
of mobility in the material, while the second one corresponds
to collective motions of the whole system. Both processes
contribute to the glass formation and physical aging, but their
role and interplay are not yet fully understood [7].

Recent enthalpy recovery and stress relaxation studies in
hard and soft glasses have shown the existence of a surpris-
ing multisteps relaxation process for long annealing, which
contrasts with the usual steady evolution of the dynamics
during physical aging [8–10]. Distinct aging regimes have
been reported also during the evolution of the microscopic
structural relaxation process in metallic glasses (MGs) at the
atomic scale [11] and in complex soft materials [12–14],
and are likely related to internal stresses [15,16]. In the case
of MGs, abrupt intermittent fluctuations of the microscopic
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structural relaxation time have also been reported [17], sug-
gesting an avalanchelike particle motion [18,19]. This anoma-
lous intermittent dynamics of MGs at the atomic scale has
been observed under annealing protocols [20] and in situ
application of external stresses at ambient temperature [21].
In this latter case, the effect has been attributed to microplastic
events occurring in the material. Despite these two excellent
studies, the origin of this anomalous intermittent dynamics
is still elusive. In particular, it is not clear yet what are the
physical parameters triggering these abrupt dynamical events,
and why the intermittent dynamics has been reported only in
very few cases.

In order to shed some light on the nature of the microscopic
intermittent dynamics of MGs, we use the x-ray photon cor-
relation spectroscopy (XPCS) technique to explore the atomic
motions in a Zr44Ti11Cu10Ni10Be25 (vit1b) MG with distinct
fictive temperatures (Tf ) obtained by preannealing the samples
below the glass transition temperature (Tg), and as a function
of external stresses induced in the material. In the XPCS mea-
surements, incoming coherent hard x rays are scattered when
going through the material, leading to an interference pattern
whose intensity is related to the exact spatial arrangements of
the scatters in the material. Information on the dynamics can
be obtained by the temporal correlation of the fluctuations of
the scattered intensity [22]. Additional differential scanning
calorimetry (DSC), high-resolution transmission electron mi-
croscopy (HRTEM), high-energy synchrotron x-ray diffrac-
tion (XRD), and mechanical stress relaxation measurements
were performed to determine the fictive temperature, the mi-
crostructure, and the macroscopic relaxation behavior of the
samples. Our results show that the intermittent atomic motion
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is related to the activation of a fast secondary relaxation and
can be tuned at will by changing the applied thermal and
mechanical protocols to the sample. Although the microscopic
intermittent dynamics seems contrasting with the macroscopic
steady relaxation of glass properties, our results indicate that
an underlying correlation between the two exists.

II. EXPERIMENTAL TECHNIQUES

A. Materials

Zr44Ti11Cu10Ni10Be25 (at. %) master alloys were prepared
by arc-melting elements with purities above 99.99% in a Ti-
getter high-purity (99.9995%) argon atmosphere. MG ribbons
20 μm in thickness were produced by melt-spinning technic.
Bulk MG plates were prepared by copper-mold casting. The
pre annealing was conducted at 559 K in a muffle furnace
with temperature stability of ±1 K, with the samples sealed in
quartz tubes with high-purity argon gas to prevent oxidation.

The DSC measurements were performed on a Perkin-
Elmer DSC 8000 to examine the thermodynamic proper-
ties of the samples at a heating rate of 20 K min−1 with
20-mL min−1 flowing high-purity argon gas to prevent possi-
ble surface oxidation. The instrument was calibrated accord-
ing to the melting transitions of indium and zinc. The mass of
DSC samples was ∼20 mg to achieve good data accuracy. The
stress relaxation experiments were conducted on a dynamic
mechanical analyzer (DMA, TA Q800). As the temperature
was stabilized at the planned temperature, a 0.3% tensile strain
was applied on the MG ribbon and the stress evolution was
simultaneously detected.

The microstructure of the samples was characterized by
HRTEM and high-energy synchrotron XRD. The TEM sam-
ples were carefully prepared by ion milling with 2-keV argon
ions at liquid-nitrogen temperature. HRTEM observations
were conducted using a JEOL-2100 plus TEM. The high-
energy XRD was performed at beamline 11-IDC at Advanced
Photon Source, Argonne National Laboratory, U.S.A. The
x-ray energy is 105.1 keV and the beam size is ∼0.5 mm × 0.5
mm. The experiment was carried out at room temperature in
transmission geometry for bulk MGs ∼0.4 mm in thickness
with exposure time of 20 s. Assuming independent atomic
contributions to the scattering, the static structure factor S(q)
is calculated as

S(q) = αIs(q) − IC(q)

Z2
tot (q) f 2

eff (q)
,

where Ztot is the sum, weighted by the atomic concentrations,
of the atomic numbers Z of the atoms, IC is the Compton
scattering calculated as the sum of the individual atomic
components, and feff is the effective electronic form factor,
calculated as the weighted sum of the atomic scattering fac-
tors, divided by Ztot . Is is the sample scattering after sub-
traction of the background signal and α a density dependent
normalization factor, which is found following the iterative
procedure reported in Ref. [23].

B. X-ray photon correlation spectroscopy measurements
and data processing

XPCS measurements were performed at beamline ID10 at
the ESRF in Grenoble, France. Coherent x rays were used
with an energy of 8.1 keV (λ = 1.53 Å) and a coherent flux
of ∼1011 photons per second per 200 mA, and a size of
10 µm × 10 µm. Series of speckles patterns were collected
in transmission geometry by a charge-coupled-device from
Andor technology (13 µm × 13 µm pixel size) placed ∼70
cm downstream from the sample at an angle ∼38° corre-
sponding to the maximum of the first sharp diffraction peak
of our samples. The detector was mounted on a diffractometer
which could rotate around the sample in order to measure the
corresponding static structure factor S(q) as well. More details
about the experimental setup can be found in Refs. [24,25].
The samples were mounted in a furnace providing a tempera-
ture stability of 0.1 K and heated at 12 K min−1 from 300 K to
the isothermal temperature of 539 K. The measurements were
conducted in a way that after collecting every 3000 or 4000
frames (i.e., about 3 or 4 h each) the S(q) was measured to
ascertain that the sample remained amorphous, which led to
gaps of about 10 min in the data. The raw data were treated as
in Ref. [26].

The time evolution of the microscopic dynamics is directly
captured in XPCS by the intensity two-time correlation func-
tion (TTCF) C(t1, t2), which is defined as

C(q, t1, t2) = 〈I (q, t1)I (q, t2)〉p

〈I (q, t1)〉p〈I (q, t2)〉p
,

where 〈. . .〉p denotes an ensemble averaging performed on all
pixels of the detector corresponding to the same wave vector
q [22]. The time-averaged dynamics are extracted from the
TTCF as a function of the waiting time, tw = t0 + (t f − ti )/2
where t0 is the delay time between sample temperature equi-
libration and the first measurement point, and t f and ti are
the final and starting times, respectively. This is accomplished
through a temporal averaging of the TTCF within a fixed
time interval δt = tf − ti over all possible starting times ti
and expressed as a one-time intensity correlation function
g2(q, t ) = 〈C(q, ti, δt )〉. The g2(q, t ) was calculated from
the TTCF within a time range defined by a certain number
of frames. In order to calculate the dependence of g2(q, t )
on tw, a certain frame step was chosen and g2(q, t ) was
calculated as a function of successive frame steps over the
given frame range. Depending on the observed behavior of
the TTCF, frame range of about 1000 images were chosen to
give sufficient measurement statistics and evaluate correctly
the different parameters, while taking care not to average
out any interesting dynamical features of the TTCF. The
values of τ (tw ), c fq

2(tw ) and β(tw ) shown in Figs. 4, 5, and
7 were taken from the Kohlrausch-Williams-Watts (KWW)
fits of the g2(q0, t ) functions. τ (tw ) was obtained using a
continuous binning of 200 images as in Ref. [20] and around
the intermittent events; where the dynamics is too slow to see a
substantial decay in the correlation functions, it was calculated
from binning of larger groups of images, while for c fq

2(tw )
and β(tw) we used around 1000 frames like those plotted in
Fig. 2. This different approach is due to the fact that while
τ (tw) is a more robust parameter unaffected by the usage of
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≈

FIG. 1. (a) Thermodynamic characterization of the MGs with different thermal histories: as-cast and pre-annealed at 559 K for 3 and
192 h. The heating rate is 20 K min−1. Inset: Corresponding enthalpy obtained by integrating the heat flow curves. The intersection between
the extrapolated enthalpies of glass and supercooled liquid (dashed curves) defines Tf . HRTEM images of (b) as-cast and (c) 192-h preannealed
MGs. The insets show the electron-diffraction patterns. (d) Static structure factor S(q) measured with high-energy synchrotron XRD at room
temperature for as-cast and 192-h preannealed MGs. Inset: a closeup view of the first peaks. (e) Schematics of XPCS measurement for the
stressed MG ribbons.

200 or 1000 images, c fq
2(tw ) and β(tw) are better evaluated

with more statistics.

III. RESULTS

A. Fictive temperature

Figure 1(a) shows the DSC profiles of the as-cast MG and
samples preannealed at 559 K for 3 and 192 h. Compared
to the annealed samples, the as-cast glass is highly unstable
and exhibits a broad sub-Tg exothermic peak, indicative of the
abundant excess enthalpy trapped in the glass with a structure
far away from equilibrium. Upon annealing, the excess en-
thalpy is sequentially released, followed by an increase in the
endothermic peak above Tg associated to enthalpy recovery.
The inset shows the enthalpy of the samples obtained by
integrating the heat flow profiles. The Tf is determined from
the intersection between the extrapolated enthalpies of glass
and supercooled liquid [27]. Annealing induces a remarkable
reduction in enthalpy and Tf , implying an increased stability
of the glass [6]. The as-cast MG has a Tg = 621 K and exhibits
the highest enthalpy with Tf = 752 K, ≈1.2Tg, consistent with

previous reports [28]. When the sample is annealed for 3 h,
Tf decreases to 603 K, while the 192-h annealed glass shows
much lower enthalpy with Tf = 565 K, almost 200 K lower
than that of the as-cast glass.

B. Microscopic structure

As is visible in Figs. 1(b) and 1(c), both the as-cast and the
192-h preannealed samples show a homogeneous mazelike
pattern in the HRTEM images, indicative of a fully amorphous
structure. The diffuse halos in the electron diffraction patterns
[see the insets in Figs. 1(b) and 1(c)] further corroborate
the amorphous nature of the samples. Figure 1(d) shows the
static structure factor S(q) obtained at room temperature for
the as-cast and the 192-h preannealed samples obtained from
high-energy synchrotron XRD measurements. The inset in
Fig. 1(d) is a closeup view of the first peaks of S(q), which
show smooth curves without any indication of crystallization
even for the longest 192-h annealed sample. Moreover, a
slight shift of the peak position towards larger q values can
be observed for the 192-h preannealed sample, indicating an
increment of the density typical of physical aging [29].
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C. Atomic-scale dynamics by XPCS

The microscopic structural relaxation process and its tem-
poral evolution was studied with XPCS by performing long
isotherms at 539 K, thus below the Tf of all samples, and
for a unique wave vector q0 = 2.67 Å−1 corresponding to the
first maximum of S(q) [Fig. 1(d)]. In this configuration, we
are directly probing the atomic motions on a characteristic
interparticle length scale 2π/q0 = 2.35 Å. We performed a
systematic study of the atomic motions in three representative
samples, the as-cast, the 3-h preannealed, and the 192-h
preannealed, with and without in situ mechanical stresses.
The free samples were directly mounted in the furnace, thus
without external stress during the XPCS measurements. To
induce external stress in the samples, we designed an ad hoc
clamp as illustrated in Fig. 1(e) to restrict the MG ribbon
around a mandrel with a diameter � = 4.0 mm. For a bent
ribbon, the strain on the outer surface is tensile and that on
the inner surface is compressive, the neutral surface has no
strain. The MG ribbons have smooth surfaces and a uniform
thickness of d = 20 μm. The largest strain on the surfaces
is ε = d/(� + d ) = 0.5%. The Young’s modulus E and the
yield strength σy of the studied MG is 96 ± 1 GPa and 1900 ±
100 MPa, respectively [30]. Therefore, the stress induced on
the surfaces is 480 MPa ≈ 0.25σy. The increase of E for the
longest annealed MG would be ≈10% [31,32], which means
a variation of just 0.025σy for the applied stress. As such,
well-defined in situ elastic strain/stress was induced during
the XPCS measurements.

Figure 2(a) shows the typical intensity-intensity correlation
functions g2(q0, t ) measured for the stressed as-cast sample.
The decay of the curves provides information on the atomic
motions, g2(q, t ) being related to the density fluctuations,
thus to the intermediate scattering function f (q, t ) through
the Siegert relation g2(q, t ) = 1 + c| f (q, t )|2, where c is a
setup dependent contrast related to the coherent degree of
the x rays, the scattering angle, and the thickness of the
samples [33]. The data can be modeled with the KWW func-
tion g2(q0, t ) = 1 + c f 2

q (tw) exp{−2[t/τ (tw)]β(tw )} where all
parameters depend on the waiting time tw elapsed since the
beginning of the isotherm at 539 K: τ (tw) is the decay time
of the relaxation process, β(tw) is the shape parameter, and
fq(tw) is the nonergodic plateau associated to the trapping
of the particles in the nearest-neighbors cage before their
escape during the structural relaxation [34]. With increasing
tw, g2(q0, t ) experiences first a continuous shift towards longer
decays, signaling that the dynamics becomes spontaneously
slower, and then a backward shift to faster decays. Such a
behavior strongly contrasts with the steady slowing down of
relaxation dynamics reported in macroscopic studies, reveal-
ing a spontaneous intermittent aging process. Intriguingly, we
found that this nonmonotonous evolution of the dynamics is
accompanied by a surprising abrupt drop of the initial plateau
value of g2(q0, t ). This effect is better appreciated in Fig. 2(b)
where the same data are scaled along the x axis and reported
as a function of the reduced time t/τ (tw).

In the macroscopic limit of q → 0, the short-time plateau
of g2(q0, t ) − 1, c fq

2(tw ), is related to the elastic properties
of the material through the nonergodicity parameter, and it
usually increases steadily with time due to the growth in

FIG. 2. (a) Waiting time-dependent g2(q0, t ) functions measured
with XPCS for the as-cast sample under stress during isotherm at
539 K. Lines are fits obtained by the KWW model. The arrows in-
dicate the nonmonotonous evolution of the g2(q0, t ) with tw . (b) The
same data reported as a function of t/τ (tw). The arrow emphasizes
the sudden drop of the initial plateau.

elasticity as reported in gels and colloidal suspensions [13,35–
37]. Although the elasticity of MG also increases during
isotherms [31,32,38,39], here c fq

2(tw ) decreases by almost
20% with tw [Fig. 2(b)]. Furthermore, our measurements are
performed at the maximum of the S(q), where the noner-
godicity factor is expected to be close to unity [40]. Hence,
we cannot attribute the observed phenomenology to changes
in the elastic response of the material. From the technical
point of view, beamline instabilities may affect XPCS mea-
surements leading to a drop in contrast in different ways:
(1) Beam jumps—sudden changes in beam position (e.g.,
induced by the electron-beam instabilities in the synchrotron
radiation storage ring) will decorrelate the data breaking the
continuity of the TTCFs. We never observed such events and
it is clearly not the case as the contrast drop is observed at
the slowest dynamics (i.e., any fast, sudden instability will
immediately kill the data). (2) Contrast decreasing because
of the degradation of the beamline optical alignment—for
XPCS, the stability of the optical alignment of the beamline
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is critical for the optimum contrast, since any (transient)
misalignment will produce a degradation of the contrast. This
is usually the result either of a drift of the optics (monochro-
mator, focusing optics) or by the progressive degradation of a
beamline component due to heat load. We point out that these
effects cannot be solved spontaneously, i.e., they need the
human intervention either to restore the optimum alignment or
to adjust the damaged component. Furthermore, the induced
degradation is usually progressive, i.e., beamline contrast is
degrading progressively with time. We never observed such
slow contrast degradation trends in our measurements and we
didn’t need to realign systematically beamline optics beyond
standard fast daily beam checks, in particular not during the
intermittent events or between the gap of XPCS data sets due
to the necessity to check the S(q). During our experiment, the
data jump from high to low contrast, depending on the sample
and waiting time. The measured initial contrast of about 2.2%
is thus restored several times during the whole beamtime,
guaranteeing the reproducibility of the value. Following these
observations, we think that the only possible explanation for
the contrast variation observed along a smooth and slow
dynamics is to activate an additional internal fast process prior
to the primary structural rearrangements. This process results
in an additional step decay in the correlation functions at times
too short to be directly captured in the temporal window of
the current XPCS, and with a strength corresponding to the
missing value of c fq

2(tw ).
A drop in c fq

2(tw ) has been reported also in
Pd77Si16.5Cu6.5MG [41]. Differently from our case, this
phenomenon was therein triggered by temperature changes
and it has been ascribed to a thermally activated secondary
relaxation process associated to the onset of crystallization,
but without any fluctuation in the relaxation time τ [41]. In
our experiments, it has been corroborated by both high-energy
synchrotron XRD and HRTEM that our samples, including the
longest 192-h preannealed one, keep fully amorphous without
any indication of nanocrystallization [Figs. 1(b)–1(d)].
Furthermore, the structure has been checked in situ after
collecting every 4000 frames during the XPCS measurements.
Figure 3 shows the XRD pattern for the 192-h preannealed

FIG. 3. X-ray diffraction in the vicinity of the first diffraction
maximum measured in situ using XPCS after isotherm of tw ≈
4 × 104s for the 192-h preannealed MG under stress.

sample after the collection of all XPCS data at 539 K; the
sample keeps fully amorphous. These observations exclude
the possibility that our results were related to crystallization.
Previous studies reported that Be-containing ZrCu-based
MGs are prone to chemical phase separation subjected to
annealing near or above the glass transition [42,43], while
it has been demonstrated in Zr41.2Ti13.8Cu12.5Ni10Be22.5MG
MG that no phase separation occurs prior to crystallization
[44]. We have also carefully verified with both dark-field
and bright-field HRTEM at different length scales that no
phase separation occurs in all our samples. Therefore, we
conclude that the intermittent microscopic dynamics observed
also in other MGs [11,20] is an intrinsic property of glass
relaxation, rather than a result of nanocrystallization or
chemical decomposition.

The connection between the intermittent dynamics and
the secondary relaxation process can be more appreciated
by looking at the temporal evolution of the relaxation time
τ (tw) and c fq

2(tw ) as shown in Fig. 4(a). The as-cast MGs
show highly heterogeneous dynamics. In the stressed sample,
for tw < 1.7 × 104s, τ (tw ) increases rapidly to 1.2 × 104 s.
It subsequently decreases dramatically, and finally becomes
stationary with τ (tw ) ≈ 3 × 103 s. This intermittent event
leading to the peak in τ (tw) spans approximately 1.3 × 104 s
with a fluctuation of �τ (tw ) ≈ 8.8 × 103 s. As marked by
the red hatched area in Fig. 4(a), this dynamical fluctuation
is accompanied by an abrupt drop of c fq

2(tw ) (bottom panel),
indicating the strong connection between these two features.
In the free as-cast glass, we observe also a sharp intermittent
event at much earlier stage of the isotherm and a simultaneous
rapid drop of c fq

2(tw ) [see the olive hatched area in Fig. 4(a)].
Although the fluctuation of τ (tw) is not as large as in the
stressed MG, it is equally sharp, with an increase of �τ (tw) ≈
800 s spanning 1.6 × 103 s, and the drop in c fq

2(tw ) is of
equal amount to that of the stressed sample. Despite the
missing data for the free as-cast MG at larger times due to
beam lost in the synchrotron, the present data clearly show
that both samples exhibit intermittent dynamics accompanied
by a secondary relaxation process.

The temporal evolution of the intermittent microscopic
dynamics can be better visualized by looking at the TTCF
C(t1, t2), which represents the instantaneous correlation be-
tween averaged configurations measured at times t1 and t2.
Figures 4(b) and 4(c) show the TTCFs corresponding to the
data for the as-cast sample with stress. The diagonal from
the bottom left to the top right corner indicates the evolution
with tw, while the width of the yellow-red ridge along the
diagonal is proportional to τ (tw). Thus, Figs. 4(b) and 4(c)
illustrate visibly the fast slowing down and the subsequent
abrupt speeding up of the structural relaxation process.

Interestingly, we found that the intermittent dynamics is
strongly suppressed by the concomitant use of stress and
preannealing. Figure 5(a) plots τ (tw) and c fq

2(tw ) for the 3-h
preannealed glass. The free sample shows distinct regimes of
atomic motions: (i) An abrupt increase in τ (tw) up to tw ≈
1.1 × 104 s, (ii) a stationary regime where τ (tw) remains
basically constant at 4 × 103 s, and (iii) a rapid accelera-
tion to another stationary regime with τ (tw ) ≈ 1 × 103 s.
As marked by the olive hatched area, also in this case the
intermittent event is accompanied by a substantial reduction
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FIG. 4. (a) τ (tw) (upper panel) and c fq
2(tw ) (lower panel) for the as-cast sample during isotherm at 539 K without (free) and with

mechanical in situ stress. τ (tw = 0s) ≈ 100 s at the beginning of the isotherm. The hatched areas mark the range of the intermittent events.
(b) TTCF for the as-cast MG under stress. The small red square at the beginning is the acquisition at 300 K, after which the temperature is
raised at 12 K min−1 where the diagonal is blue. At t1 = 0 s, T attains 539 K and then stays constant. (c) Continuation of the TTCF in (b).

FIG. 5. (a) τ (tw) (upper panel) and c fq
2(tw ) (lower panel) for the 3-h preannealed MG measured at 539 K. The hatched areas mark the

range of the intermittent event. (b) Comparisons between the τ (tw) of the as-cast, 3- and 192-h preannealed MGs measured at 539 K at free
(upper panel) and stressed (lower panel) states.
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FIG. 6. Stress relaxation at 539 K for as-cast and preannealed
MGs. The stress σ (t ) is normalized by the initial value σ (0) at t = 0.
Solid lines are fits of a double KWW equation as in Ref. [10]. Inset:
fitted relaxation time of the initial faster process τ1 (square) and the
later primary process τ2 (circle) as a function of the preannealing
time ta, the solid symbols represent as-cast sample. Continuous
increase of the time scale of the primary decay process τ2 with the
preannealing time is well visible.

in c fq
2(tw ), but in a slower way than in the as-cast sample. In

stark contrast, the sample under stress shows a monotonous
slowing down of the dynamics with only tiny fluctuations
in τ (tw) and a slight decrease in c fq

2(tw ). Notwithstanding,
the relaxation times of both samples (i.e., with and without
stresses) do overlap at long waiting times, indicating that the
presence of external stress affects only the appearance of the
intermittent event.

Figure 5(b) provides a comprehensive comparison between
the dynamics in all as-cast and preannealed samples. The
decreased Tf induced by thermal preannealing leads to (i)
a delay in the intermittency, from tw ≈ 3.3 × 103s for the
as-cast sample to tw ≈ 2.1 × 104s in the 192-h preannealed
one, and (ii) a change in the shape of the intermittent event,
from a sharp peak in τ (tw) in the as-cast glass to a blunt one
with a stationary regime between the rapid increase and the
decrease in τ (tw) in the 3-h preannealed glass. A similar event
occurs also for the 192-h preannealed MG, while due to its
much longer delay we do not have the full event depicted.
When stress is applied, the intermittent event is observed but
only in the as-cast sample and it occurs at later times than in
the free glass, whereas both preannealed MGs display only a
monotonous temporal slowing down of the dynamics. Surpris-
ingly, the τ (tw) of the 3- and 192-h preannealed MGs under
stress coincide, contrasting with their macroscopic relaxation
behaviors which show a difference in time scale by over one
order of magnitude (Fig. 6). By looking at the τ (tw) of the 3-
and 192-h preannealed MGs in Fig. 5, it is clear that when the
intermittent events terminate or become well suppressed by
the simultaneous use of stress and preannealing, the micro-
scopic relaxations exhibit consistent dynamics with the same
τ (tw), independently of the Tf of the glass. These observations

suggest two mechanisms responsible for the aging process at
the microscopic scale: (i) the intermittent dynamical event that
is sensitive to the variation of the sample’s Tf and external
loading, and (ii) the steady slowing down of the dynamics
which is independent of the material state.

IV. DISCUSSION

Nonmonotonous relaxations have been reported also in
an excellent work of Mauro and colleagues following the
evolution of fluctuations in density and enthalpy in distinct
glasses [45]. Studying glasses equilibrated at distinct Tf and
then quenched at a given temperature, they show that both
enthalpy and density fluctuations initially overshoot the equi-
librium value and then relax from the other side. Furthermore,
the magnitude of the overshoot increases with the increasing
distance between the measured temperature and the initial
Tf of the glass. In this picture, the intermittent events in the
density fluctuations observed by XPCS here and in other MGs
[20] can be viewed as similar nonmonotonous relaxations of
the characteristic time of collective atomic motions due to
density fluctuations during isotherms at temperatures lower
than Tf . It is important to stress that in our case the final state
is metastable although persistent for long times. The system is
still in the glassy state and the relaxation time is far from the
corresponding equilibrium liquid value.

Our data show that the abrupt intermittent relaxations are
accompanied by the spontaneous activation of a fast sec-
ondary relaxation process as signaled by c fq

2(tw ). The sharper
the event in τ (tw), the larger is the strength of the process
and thus the drop in c fq

2(tw ). The presence of a secondary
relaxation process suggests that the abrupt fluctuations in the
structural relaxation time come from the activation of the
motion of fast components in the amorphous matrix, that
persist even after the event as confirmed by the persistent
low value of c fq

2(tw ). In other words, the applied stress
(and/or temperature) activates a secondary relaxation process
which—at the first stage—perturbs the main structural relax-
ation process leading to strong fluctuations in the relaxation
time. Preannealing leads to a much smaller and slower drop
in c fq

2(tw ), partially suppressing the secondary process. This
decrease of the process with annealing is typical for secondary
relaxation processes and has been reported also for the β

relaxation in mechanical studies [46–48]. Unfortunately, due
to technical constraints, we are not able to quantify the
time scale associated to the secondary relaxation process
related to the intermittent dynamics and compare it with other
known processes. The current advent of fourth generation
synchrotrons [49] will help elucidate the nature of this mi-
croscopic secondary process.

Interestingly, we find a constant compressed [i.e., β(tw) >

1] value of the shape of the g2(q0, t ) for all sam-
ples (see Fig. 7), in agreement with previous works
[11,17,20,25,41,50]. No discernable dependence of β(tw) on
the sample age or the stress state is observed, while we do
observe a minimum in correspondence of the peak maximum
of the sharp intermittent dynamical events (denoted by the
arrows in Fig. 7), consistent with the previous observation
in Ref. [20]. The fact that the shape parameter does not
display any particular trend means that its nature is basically
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FIG. 7. Waiting time dependent shape parameters of different
samples. The arrows emphasize the minimum of β(tw) in the as-cast
samples which occurs in concomitance with the maximum of the
relaxation time.

not affected by external stress and thermal history, at least
in the studied composition, being more a property of the
glassy state. The initial increase of β(tw) is likely to be an
artefact induced by the limited points at short times and
requires further studies. The anomalous compressed shape of
the relaxation process is often considered a signature of out-
of-equilibrium dynamics in many complex systems [25,51–
53]. Recent numerical simulations in MGs associate this be-
havior to an increasing number of icosahedral clusters during
the vitrification which generate additional frustration in the
material [16]. In this regard, the compressed decay appears
more as an intrinsic property of the out-of-equilibrium frozen
structure as suggested also by studies in ultrastable MGs [50].

XPCS measurements have been previously performed in
different MGs [17], while intermittent dynamics has only been
observed during isothermal studies in Pd43Cu27Ni10P20MG
[20] and in a smoother way in Au49Ag5.5Pd2.3Cu26.9Si16.3MG
[11]. Here, we report the presence of much stronger intermit-
tent effects in Zr44Ti11Cu10Ni10Be25 MG. This is likely due
to the applied protocol that is a combination of rapid heating,
relatively low measuring temperature, and long observation
time. Strong intermittent dynamics has also been reported in a
Zr-based MG under mechanical stresses at room temperature
and attributed to microplastic events occurring in the material
[21]. In contrast to our work and Ref. [20], the intermittency
is there driven only by the stress, and no events have been
observed in its absence. This apparent discrepancy is likely
a consequence of the fact that those measurements were per-
formed at room temperature (0.44Tg), while in our work and
in Ref. [20], the dynamics is mainly triggered by temperature
changes (the rapid heating to 0.87Tg in our case). This obser-
vation is in agreement also with numerical simulations which
have shown the occurrence of similar thermally activated or
stress-activated avalanchelike atomic motion in MGs [18,54].

Finally, it is important to highlight that the increased uni-
formity of the dynamics under the small applied stress in our

work is in agreement with previous studies in glassy systems
[55,56]. Molecular dynamics (MD) simulations [56–58] have
shown that depending on the strength of the applied strain (or
stress) it is possible to drive the glass through deeper or higher
minima in the potential-energy landscape, corresponding thus
to new states overaged or rejuvenated with respect to the ini-
tial one. In particular, small strain (or stress) is found to drive
the glass in metastable state with lower energy minima and is
thus more stable, in agreement with the results reported in our
work, the strain induced in our sample being less than 0.5%,
i.e., well below the yielding strain of metallic glasses at our
experimental temperature [59]. Following the results of MD
simulations, thus the fact that small strain leads to overaging
[57], it is then normal to expect a delayed intermittent event
in the as-cast sample under stress [Fig. 4(a)]. Such a delay
is a signature of the increased stability as indeed it occurs
also with the preannealing [and without stresses, Fig. 5(b)]. In
this scenario, the almost stationary dynamics in preannealed
samples measured under stress indicates that the combination
of temperature and stress suppresses the occurrence of an
intermittent event in agreement with MD results showing
the occurrence of localized, nondiffusive dynamics for small
stress [58,60].

V. CONCLUSION

We have performed a systematic study of the relaxation dy-
namics of a series of Zr44Ti11Cu10Ni10Be25 MGs with distinct
stability and in situ stress, with the aim at shedding some light
on the recently discovered intermittent microscopic dynamics
[20,21]. We show that the nonmonotonous temporal evolution
of τ (tw) results from the thermal activation of the motion of
fast components in the amorphous matrix as signaled by the
simultaneous appearance of a secondary relaxation process.
The events in τ (tw) and the secondary process are strongly
affected by the stability of the glass. Large intermittent dy-
namical events are indeed more frequently observed in the
most unstable (i.e., the as-cast) MG. As Tf decreases upon
preannealing, the dynamic intermittency gets delayed. The
simultaneous use of stress and preannealing allows tuning the
glass in a stationary metastable state which appears indepen-
dent of the details of the system.

ACKNOWLEDGMENTS

This research was supported by the National Natural Sci-
ence Foundation of China (Grants No. 61888102 and No.
11790291); National Key Research and Development Plan
(Grants No. 2016YFB0300501 and No. 2017YFB0903902);
and the Key Research Program of Frontier Sciences (Grant
No. QYZDY-SSW-JSC017) and the Strategic Priority Re-
search of the Chinese Academy of Sciences (Grant No.
XDPB0601). Part of this work used the beamline 11-ID-C of
Advanced Photo Source (APS), Argonne National Laboratory
(ANL), USA. APS was supported by the DOE Office of
Science (DE-AC02-06CH11357).

P.L. and M.X.L. contributed equally to the work.

054108-8



NONMONOTONOUS ATOMIC MOTIONS IN METALLIC … PHYSICAL REVIEW B 102, 054108 (2020)

[1] I. M. Hodge, Science 267, 1945 (1995).
[2] H. B. Yu, H. Y. Bai, W. H. Wang, and K. Samwer, Natl. Sci.

Rev. 1, 429 (2014).
[3] Q. Wang, J. J. Liu, Y. F. Ye, T. T. Liu, S. Wang, C. T. Liu, J. Lu,

and Y. Yang, Mater. Today 20, 293 (2017).
[4] F. A. de Melo Marques, R. Angelini, E. Zaccarelli, B. Farago, B.

Ruta, G. Ruocco, and B. Ruzicka, Soft Matter 11, 466 (2015).
[5] D. Sidebottom, R. Bergman, L. Börjesson, and L. M. Torell,

Phys. Rev. Lett. 71, 2260 (1993).
[6] P. G. Debenedetti and F. H. Stillinger, Nature (London) 410,

259 (2001).
[7] K. L. Ngai, in Relaxation and Diffusion in Complex Systems

(Springer, New York, 2011).
[8] D. Cangialosi, V. M. Boucher, A. Alegría, and J. Colmenero,

Phys. Rev. Lett. 111, 095701 (2013).
[9] R. Bandyopadhyay, P. H. Mohan, and Y. M. Joshi, Soft Matter

6, 1462 (2010).
[10] P. Luo, P. Wen, H.Y. Bai, B. Ruta, and W. H. Wang, Phys. Rev.

Lett. 118, 225901 (2017).
[11] I. Gallino, D. Cangialosi, Z. Evenson, L. Schmitt, S. Hechler,

M. Stolpe, and B. Ruta, Acta Mater. 144, 400 (2018).
[12] A. Duri and L. Cipelletti, Europhys. Lett. 76, 972 (2006).
[13] H. Bissig, S. Romer, L. Cipelletti, V. Trappe, and P.

Schurtenberger, Phys. Chem. Comm. 6, 21 (2003).
[14] L. Cipelletti, H. Bissig, V. Trappe, P. Ballesta, and S. Mazoyer,

J. Phys. Condens. Matter 15, S257 (2003).
[15] M. Bouzid, J. Colombo, L. V. Barbosa, and E. Del Gado, Nat.

Commun. 8, 15846 (2017).
[16] Z. W. Wu, W. Kob, W. H. Wang, and L. Xu, Nat. Commun. 9,

5334 (2018).
[17] B. Ruta, E. Pineda, and Z. Evenson, J. Phys. Condens. Matter

29, 503002 (2017).
[18] Y. Fan, T. Iwashita, and T. Egami, Phys. Rev. Lett. 115, 045501

(2015).
[19] T. Yanagishima, J. Russo, and H. Tanaka, Nat. Commun. 8,

15954 (2017).
[20] Z. Evenson, B. Ruta, S. Hechler, M. Stolpe, E. Pineda, I.

Gallino, and R. Busch, Phys. Rev. Lett. 115, 175701 (2015).
[21] A. Das, P. M. Derlet, C. Liu, E. M. Dufresne, and R. Maaß, Nat.

Commun. 10, 5006 (2019).
[22] A. Madsen, A. Fluerasu, and B. Ruta, in Synchrotron Light

Sources and Free-Electron Lasers, edited by E. Jaeschke, S.
Khan, J. R. Schneider, and J. B. Hastings (Springer, Heidelberg,
2014), pp. 1–21.

[23] J. H. Eggert, G. Weck, P. Loubeyre, and M. Mezouar, Phys. Rev.
B 65, 174105 (2002).

[24] B. Ruta, G. Baldi, Y. Chushkin, B. Rufflé, L. Cristofolini, A.
Fontana, M. Zanatta, and F. Nazzani, Nat. Commun. 5, 3939
(2014).

[25] B. Ruta, Y. Chushkin, G. Monaco, L. Cipelletti, E. Pineda, P.
Bruna, V. M. Giordano, and M. Gonzalez-Silveira, Phys. Rev.
Lett. 109, 165701 (2012).

[26] Y. Chushkin, C. Caronna, and A. Madsen, J. Appl. Crystallogr.
45, 807 (2012).

[27] J. C. Mauro, R. J. Loucks, and P. K. Gupta, J. Am. Ceram. Soc.
92, 75 (2009).

[28] C. Wang, L. Hu, C. Wei, X. Tong, C. Zhou, Q. Sun, X. Hui, and
Y. Yue, J. Chem. Phys. 141, 164507 (2014).

[29] D. Ma, A. D. Stoica, and X. L. Wang, Nat. Mater. 8, 30 (2009).
[30] E. R. Homer, M. B. Harris, S. A. Zirbel, J. A. Kolodziejska, H.

Kozachkov, B. P. Trease, J.-P. C. Borgonia, G. S. Agnes, L. L.
Howell, and D. C. Hofmann, Adv. Eng. Mater. 16, 850 (2014).

[31] H. S. Chen, J. Appl. Phys. 49, 3289 (1978).
[32] A. Datye, J. Ketkaew, J. Schroers, and U. D. Schwarz, J. Alloys

Compd. 819, 152979 (2020).
[33] G. Grübel, A. Madsen, and A. Robert, in Soft-Matter Charac-

terization, edited by R. Borsali and R. Pecora (Springer, New
York, 2008), pp. 954–925.

[34] A. Cavagna, Phys. Rep. 476, 51 (2009).
[35] S. Romer, F. Scheffold, and P. Schurtenberger, Phys. Rev. Lett.

85, 4980 (2000).
[36] O. Czakkel and A. Madsen, Europhys. Lett. 95, 28001 (2011).
[37] H. Y. Guo, S. Ramakrishnan, J. L. Harden, and R. L. Leheny,

J. Chem. Phys. 135, 154903 (2011).
[38] D. P. Wang, Z. G. Zhu, R. J. Xue, D. W. Ding, H. Y. Bai, and

W. H. Wang, J. Appl. Phys. 114, 173505 (2013).
[39] W. H. Wang, Prog. Mater. Sci. 57, 487 (2012).
[40] B. Ruta, G. Monaco, V. M. Giordano, F. Scarponi, D. Fioretto,

G. Ruocco, K. S. Andrikopoulos, and S. N. Yannopoulos,
J. Phys. Chem. B 115, 14052 (2011).

[41] V. M. Giordano and B. Ruta, Nat. Commun. 7, 10344 (2016).
[42] E. S. Park, H. J. Chang, and D. H. Kim, Acta Mater. 56, 3120

(2008).
[43] S. Schneider, P. Thiyagarajan, and W. L. Johnson, Appl. Phys.

Lett. 68, 493 (1996).
[44] I. Martin, T. Ohkubo, M. Ohnuma, B. Deconihout, and K. Hono,

Acta Mater. 52, 4427 (2004).
[45] J. C. Mauro, S. S. Uzun, W. Bras, and S. Sen, Phys. Rev. Lett.

102, 155506 (2009).
[46] P. Luo, M. X. Li, H. Y. Jiang, P. Wen, H. Y. Bai, and W. H.

Wang, J. Appl. Phys. 121, 135104 (2017).
[47] J. C. Qiao and J. M. Pelletier, J. Alloys Compd. 549, 370 (2013).
[48] Z. Lu, W. Jiao, W. H. Wang, and H. Y. Bai, Phys. Rev. Lett. 113,

045501 (2014).
[49] O. G. Shpyrko, J. Synchrotron Radiat. 21, 1057 (2014).
[50] M. Lüttich, V. M. Giordano, S. Le Floch, E. Pineda, F. Zontone,

Y. Luo, K. Samwer, and B. Ruta, Phys. Rev. Lett. 120, 135504
(2018).

[51] E. E. Ferrero, K. Martens, and J.-L. Barrat, Phys. Rev. Lett. 113,
248301 (2014).

[52] L. Cipelletti, L. Ramos, S. Manley, E. Pitard, D. A. Weitz, E.
E. Pashkovski, and M. Johansson, Faraday Discuss. 123, 237
(2003).

[53] J.-P. Bouchaud and E. Pitard, Eur. Phys. J. E 6, 231 (2001).
[54] Y. Fan, T. Iwashita, and T. Egami, Nat. Commun. 5, 5083

(2014).
[55] G. B. McKenna, J. Phys. Condens. Matter 15, S737 (2003).
[56] Y. Sun, A Concustell, and A. L. Greer, Nat. Rev. Mater. 1,

16039 (2016).
[57] D. J. Lacks and M. J. Osborne, Phys. Rev. Lett. 93, 255501

(2004).
[58] D. Fiocco, G. Foffi, and S. Sastry, Phys. Rev. Lett. 112, 025702

(2014).
[59] J. Lu, Ph.D. thesis, California Institute of Technology, 2002.
[60] D. Fiocco, G. Foffi, and S. Sastry, Phys. Rev. E 88, 020301(R)

(2013).

054108-9

https://doi.org/10.1126/science.267.5206.1945
https://doi.org/10.1093/nsr/nwu018
https://doi.org/10.1016/j.mattod.2017.05.007
https://doi.org/10.1039/C4SM02010C
https://doi.org/10.1103/PhysRevLett.71.2260
https://doi.org/10.1038/35065704
https://doi.org/10.1103/PhysRevLett.111.095701
https://doi.org/10.1039/b916342e
https://doi.org/10.1103/PhysRevLett.118.225901
https://doi.org/10.1016/j.actamat.2017.10.060
https://doi.org/10.1209/epl/i2006-10357-4
https://doi.org/10.1039/B211806H
https://doi.org/10.1088/0953-8984/15/1/334
https://doi.org/10.1038/ncomms15846
https://doi.org/10.1038/s41467-018-07759-w
https://doi.org/10.1088/1361-648X/aa9964
https://doi.org/10.1103/PhysRevLett.115.045501
https://doi.org/10.1038/ncomms15954
https://doi.org/10.1103/PhysRevLett.115.175701
https://doi.org/10.1038/s41467-019-12892-1
https://doi.org/10.1103/PhysRevB.65.174105
https://doi.org/10.1038/ncomms4939
https://doi.org/10.1103/PhysRevLett.109.165701
https://doi.org/10.1107/S0021889812023321
https://doi.org/10.1111/j.1551-2916.2008.02851.x
https://doi.org/10.1063/1.4898695
https://doi.org/10.1038/nmat2340
https://doi.org/10.1002/adem.201300566
https://doi.org/10.1063/1.325279
https://doi.org/10.1016/j.jallcom.2019.152979
https://doi.org/10.1016/j.physrep.2009.03.003
https://doi.org/10.1103/PhysRevLett.85.4980
https://doi.org/10.1209/0295-5075/95/28001
https://doi.org/10.1063/1.3653380
https://doi.org/10.1063/1.4829028
https://doi.org/10.1016/j.pmatsci.2011.07.001
https://doi.org/10.1021/jp2037075
https://doi.org/10.1038/ncomms10344
https://doi.org/10.1016/j.actamat.2008.02.044
https://doi.org/10.1063/1.116377
https://doi.org/10.1016/j.actamat.2004.05.038
https://doi.org/10.1103/PhysRevLett.102.155506
https://doi.org/10.1063/1.4976740
https://doi.org/10.1016/j.jallcom.2012.10.113
https://doi.org/10.1103/PhysRevLett.113.045501
https://doi.org/10.1107/S1600577514018232
https://doi.org/10.1103/PhysRevLett.120.135504
https://doi.org/10.1103/PhysRevLett.113.248301
https://doi.org/10.1039/b204495a
https://doi.org/10.1007/s101890170005
https://doi.org/10.1038/ncomms6083
https://doi.org/10.1088/0953-8984/15/11/301
https://doi.org/10.1038/natrevmats.2016.39
https://doi.org/10.1103/PhysRevLett.93.255501
https://doi.org/10.1103/PhysRevLett.112.025702
https://doi.org/10.1103/PhysRevE.88.020301

